Uropathogenic Escherichia coli (UPEC) are the chief cause of urinary tract infections. Although neutrophilic inflammation is a hallmark of disease, previous data indicate that UPEC promotes local dampening of host innate immune responses. Here, we show that UPEC attenuates innate responses to epithelial infection by inducing expression of indoleamine 2,3-dioxygenase (IDO), a host enzyme with previously defined roles in adaptive immune regulation. UPEC induced IDO expression in human uroepithelial cells and polymorphonuclear leukocytes (PMN) in vitro and in bladder tissue during murine cystitis via a noncanonical, interferonindependent pathway. In the bladders of UPEC-infected IDO-deficient mice, we observed augmented expression of proinflammatory cytokines and local inflammation, correlated with reduced survival of extracellular bacteria. Pharmacologic inhibition of IDO also increased human PMN transepithelial migration. Stimulation of IDO expression therefore represents a pathogen strategy to create local immune privilege at epithelial surfaces, attenuating innate responses to promote colonization and the establishment of infection.
A significant component of mammalian evolution has been the development of means to detect and respond to microbial intrusion. Host-pathogen interactions are characterized by competition for essential nutrients as well as a balance between pro-and anti-inflammatory responses. Thus, ancient metabolic enzymes have often gained novel immunity functions beyond nutrient acquisition. The innate immune system is the first line of microbial defense, and polymorphonuclear leukocytes (PMN; neutrophils) are considered first responders. Beyond killing invading microbes, PMN mediate inflammatory signaling by coordinating cues from the site of infection with the recruitment of additional immune cells. Illuminating the balance between pro-and anti-inflammatory signaling is critical to understanding the host-pathogen interaction, and manipulation of this equilibrium by pathogens is essential for productive infection.
The pathogenic cascade of events in Escherichia coli urinary tract infection (UTI), characterized in a murine cystitis model and corroborated by evidence from human samples [1, 2] , represents a well-defined paradigm for bacterial epithelial infection. Following attachment to and invasion of superficial bladder epithelial cells [3, 4] , bacteria replicate in the host cell cytosol to form intracellular bacterial communities [1, 5] . Bacteria emerge from these cells to infect naive superficial cells, or they can establish quiescent intracellular reservoirs in underlying cells, thought to seed recurrent infections [4, 6] . Despite the observed neutrophil influx and proinflammatory cytokine response during the course of uropathogenic Escherichia coli (UPEC) infection [7, 8] , uropathogens appear to resist neutrophil killing and phagocytosis in vivo [1, 9] . Furthermore, recent studies have demonstrated that UPEC actively suppress early inflammatory responses [10] [11] [12] and neutrophil function [13] . Insight into the mechanism of differential host responses to pathogenic versus commensal E. coli was gained by transcriptional profiling. A number of potentially anti-inflammatory molecules were relatively induced in PMN and epithelial cells after exposure to UPEC, including IDO1, encoding indoleamine 2,3-dioxygenase (IDO) [13] .
IDO catalyzes the initial, rate-limiting step in tryptophan degradation along the kynurenine pathway. Via local depletion of tryptophan and the production of bioactive kynurenines, IDO induction has varied and complex biological roles and is considered an important regulator of adaptive immunity, with functions in pregnancy, autoimmunity, transplantation, and neoplasia [14] . Although widely expressed at basal levels in a variety of tissues and immune cells, IDO is considered an inducible enzyme, responding primarily to interferon α (IFN-α), interferon β (IFN-β), and interferon γ (IFN-γ) as part of a proinflammatory host response [15] . By altering lymphocyte proliferation and survival, IDO induction limits the pathologic consequences of excessive inflammatory and cell-mediated reactions [14] . In the context of infectious diseases, IDO was initially recognized for its role in tryptophan starvation of intracellular pathogens such as Toxoplasma and Chlamydia [16, 17] . Recent data suggest the existence of other circumstances in which IDO may influence host defense against bacteria, viruses, fungi, and parasites, although no unifying hypothesis explains the mechanism underlying these observations [18] . Even less well understood is the ability of some pathogens to exploit the immunomodulatory effects of IDO for pathogenic benefit. Induction of IDO in T cells and dendritic cells by Mycobacterium leprae [19] , Leishmania major [20] , and human immunodeficiency virus [21] has been shown to benefit these pathogens. Investigation of in vitro Candida-host interactions implicated a complex role for IDO in control of fungal morphology and adaptive antifungal responses involving both PMN and dendritic cells [22] . These examples demonstrate an underappreciated role for IDO activation in microbial pathogenesis; given our previous data, we therefore hypothesized that UPEC upregulates IDO during infection to create local immune privilege in the urinary tract. Consistent with this hypothesis, we show that UPEC infection induces local IDO expression that inhibits proinflammatory humoral and cellular innate responses and promotes bacterial colonization of epithelial tissues. With this new role in innate defense, we propose that IDO represents a critical regulator of early host-pathogen crosstalk at the epithelial interface.
METHODS

Animals
Breeding pairs of B6.129-Ido1 ) [23] were a gift from Dr Anthony French (Washington University, St. Louis, MO). Results from experiments in which age-matched control mice were purchased directly from the commercial vendor were similar to those in which control mice were bred in the same Washington University facility under the same conditions as mutant mice and are included in aggregate data.
Bacterial Strains and Culture
UPEC strain UTI89 was obtained from a patient with cystitis [24] . MG1655 is a type 1 piliated K-12 laboratory strain [25] . Previously characterized [13] fecal isolates of E. coli from healthy children (gift from P. Tarr; denoted FI-10, FI-11, and FI-12) were also used for comparison. A derivative of UTI89 with the tryptophan biosynthetic operon trpABCDE replaced by a chloramphenicol-resistance cassette (Trp -) was constructed [26] using pKD46 and primers JLP221 and JLP223 (Integrated DNA Technologies) listed in Table 1 . Bacteria were grown overnight in standing Luria-Bertani (LB) broth at 37°C, with chloramphenicol (20 µg/mL) when appropriate.
Murine Cystitis Model
The murine cystitis model has been described in detail elsewhere [4, 27] . All animal studies were performed with approval of the Animal Studies Committee at Washington University School of Medicine. Differences in tissue colonization of wildtype and Ido1
−/− mice were examined for significance using the Mann-Whitney U test.
RNA Isolation and Gene Expression Analysis
RNA isolation from encounters of bacteria with human PMN or 5637 bladder epithelial cells has been described elsewhere [13] . Whole bladders from mock-or UPEC-infected mice were homogenized with an FP120 FastPrep reciprocal shaking device in tubes containing lysis buffer (RLT, Qiagen) and a commercially available extraction reagent, lysing matrix B (MP Biomedicals). Total RNA was isolated from this lysate as described elsewhere [13] . First-strand complementary DNA (cDNA) synthesis and real-time polymerase chain reaction (RT-PCR) were performed as described elsewhere [13] . Transcript abundance was normalized to that of an endogenous control gene, Gapdh. Relative target expression was calculated according to the Δ(ΔCt) method as described elsewhere [28] , where fold-change in expression is equal to 2
. Data are presented as fold-change in transcript abundance in the experimental condition relative to the mock-infected calibrator condition and represent the mean and standard deviation of triplicate assays, each performed with RNA prepared from at least 5 mice. For analysis of bacterial gene expression, calibrator RNA was isolated from the inoculum or media-only condition and cDNA synthesized as described above. The endogenous control gene was rrsA. Primer sequences are listed in Table 1 and were designed using Primer Express software (Applied Biosystems). Differences in gene expression were examined for significance using an unpaired t test.
Tissue Cytokine Analysis
Cytokine concentrations in whole bladders from mice infected with UTI89 or mock-infected animals were analyzed by a multiplex bead array platform (BioPlex, Bio-Rad, Hercules, CA) as described elsewhere [8] . Data represent the mean and standard deviation of bladders from 4 individual mice per time point, each analyzed in duplicate. Differences between samples from Ido1 −/− and wild-type mice were examined for significance using the Mann-Whitney U test.
Myeloperoxidase Activity and Quantification of Urine Neutrophils
Wild-type and Ido1 −/− mice were inoculated transurethrally, sacrificed at the indicated time points, and bladders were homogenized. Fifty-microliter aliquots of undiluted homogenates were assayed for myeloperoxidase (MPO) activity (Cell Technology) by fluorescent detection of an MPO substrate as described elsewhere [13] . Samples from at least 3 independent experiments with groups of at least 4 mice were analyzed in triplicate.
To quantify urine neutrophils, wild-type and Ido1 −/− mice were inoculated as described above, and urines were collected into sterile microcentrifuge tubes at 2, 6, and 24 hours post infection. Leukocytes (>95% neutrophils by staining) in urine were quantified using a hemacytometer. Samples from 3 independent experiments with groups of 3 mock-infected and at least 5 UTI89-infected mice were analyzed. Differences between mouse strains were examined for significance using the Mann-Whitney U test.
Microscopic Analysis of Intracellular Bacterial Community Formation
Bladders of wild-type and Ido1 −/− mice were examined at 16 hours post infection with green fluorescent protein (GFP)-expressing UTI89 as described elsewhere [29] . Intracellular bacterial communities (IBCs) were enumerated by X-gal staining of bladders from wild-type and Ido1 −/− mice harvested at 6 hours post infection with UTI89 as described elsewhere [29] . Numbers of IBCs formed were compared using the Mann-Whitney U test.
Ex Vivo Gentamicin Protection Assay
Quantification of extracellular and intracellular bacteria in murine bladder was performed by a modified ex vivo gentamicin protection assay as described elsewhere [30] . Aggregate data from 3 independent experiments with groups of 4 mice are shown, and statistically significant differences were determined by the Mann-Whitney U test. 
Inhibition of Indoleamine 2,3-dioxygenase in Human Neutrophils
In accordance with a protocol approved by the Washington University Human Research Protection Office, PMN were isolated from venous blood of healthy volunteers and PMN transepithelial migration assayed as described elsewhere [13] . The influence of IDO in this model was assessed by quantifying transepithelial migration in the presence or absence of 10 µM 1-methyl-D/L-tryptophan (1-MT; Sigma-Aldrich), a specific inhibitor [31] . The migration assay included treatment groups where PMN, or 5637 cells, or both were pretreated for 60 minutes with 1-MT. For experiments where only PMN or 5637 cells were treated with 1-MT, inhibitor was not added to media in the lower or upper chamber during experimental incubation, respectively. The results represent triplicate assays from at least 3 independent experiments with different PMN donors, and statistically significant differences were assessed by an unpaired t test.
Statistical Analysis
Statistical tests for significance were performed using GraphPad Prism software version 4.00 for Windows (San Diego, CA).
RESULTS
UPEC Induces Host IDO Expression by an InterferonIndependent Mechanism
We previously reported pathogen-specific induction of IDO in human neutrophils as demonstrated by global transcriptional profiling [13] and first aimed to extend these data to include another UTI-relevant cell type, human bladder epithelial cells. We queried IDO1 expression in human PMN or 5637 bladder epithelial cells exposed to UTI89, a model UPEC strain; MG1655, a nonpathogenic E. coli strain; or several fecal E. coli isolates, relative to a media-only control by RT-PCR. Consistent with our published data, IDO1 was induced 3-fold in PMN exposed to UTI89. Induction in infected uroepithelial cells was even more profound, with a 35-fold increase relative to mock-treated cells ( Figure 1A ). In contrast, exposure to commensal E. coli resulted in reduced IDO1 expression, yielding a relative upregulation in UPEC-exposed PMN and 5637 cells of approximately 8-fold and 100-fold, respectively (see Figure 1A : compare UTI89 to MG1655, FI-10, FI-11, FI-12).
To test whether UPEC infection induced IDO expression in vivo, we infected B6 mice with UTI89 or commensal E. coli and measured Ido1 transcript in whole bladder homogenates for comparison to samples from mock-infected control mice. At each of the studied time points, Ido1 was upregulated in UPEC-infected mice, with peak induction at 24 hours post infection (see Figure 1B , UTI89). Ido1 transcript was unchanged in the kidneys of infected mice (data not shown). Because commensal strains are rapidly cleared from bladders of normal mice, only a 1-hour-postinfection sample was collected from these inoculations. Although commensal burdens at 1 Figure 1 . Uropathogenic Escherichia coli (UPEC) induces host expression of indoleamine 2,3-dioxygenase (IDO) by an interferon-independent mechanism. Expression of genes encoding IDO was determined by quantitative real-time polymerase chain reaction. A, Gene expression in 5637 human bladder epithelial cells or human PMN following exposure to UPEC strain UTI89 or nonpathogenic E. coli strains MG1655, FI-10, FI-11, and FI-12, relative to mock-infected cells. Bars represent the mean and standard deviation of at least 3 independent experiments with samples analyzed in triplicate. A significant difference in UTI89-infected PMN (***P < .001) and 5637 cells (**P < .01) compared to the nonpathogenic strains is indicated. B, Gene expression in whole bladders from wild-type mice infected with UTI89 or nonpathogenic strains at the indicated time points (hpi, hours post infection; wpi, weeks post infection), relative to mock-infected mice. Gene expression in UTI89-infected mice was significantly different from mock-infected mice at each time point (P < .01), and a significant difference in response to UTI89 compared to the nonpathogenic strains at 1 hpi is indicated (***P < .001). C, Gene expression in whole bladders from wild-type (WT) or interferon signaling-deficient mice infected with UTI89 at the indicated time points relative to mock-infected mice of the same strain. A significant difference in expression compared to infected wild-type mice at the same time point is indicated (**P < .01). For in vivo gene expression (panels B and C), bars represent the mean and standard deviation of groups of at least 5 mice from at least 2 independent experiments analyzed in triplicate.
hour post infection were similar to that observed after UPEC infection (data not shown), nonpathogenic strains did not elicit Ido1 expression, indicating pathogen-specific induction in the bladder consistent with our in vitro analysis (see Figure 1B : MG1655, FI-10, FI-11, FI-12).
Because IDO expression is inducible by Type I and II interferons [15] , we hypothesized that signaling through IFN-α, IFN-β, and IFN-γ pathways would be required for UPEC induction of Ido1. We infected B6 mice lacking IFN-α/β receptor or IFN-γ with UTI89 and measured Ido1 transcript in whole bladders harvested 6 and 24 hours post infection relative to samples from mock-infected knock-out mice. Relative Ido1 expression in both knock-out mouse strains was similar to that of wild-type mice at 6 hours post infection; however, at 24 hours post infection, transcript levels in the knock-out mice were sharply reduced ( Figure 1C ). Taken together, these data indicate that interferon signaling is not essential for initial induction of Ido1 by UPEC but may be required to sustain IDO expression throughout the course of infection.
Figure 2. Indoleamine 2,3-dioxygenase (IDO) modulates cytokine signaling during epithelial infection. Wild-type (WT; solid bars) or Ido1
−/− (open bars) mice were infected with uropathogenic Escherichia coli (UPEC) strain UTI89 or mock infected with phosphate-buffered saline (PBS). Bladders were homogenized at 1, 6, or 24 hours post infection (hpi) and centrifuged to remove cellular debris before cytokine expression was measured. Bars represent the mean and standard deviation from 4 individual mice per time point with samples assayed in duplicate. Statistically significant differences in samples from Ido1 −/− mice compared to those from wild-type mice at the same time point are indicated (*P < .05).
IDO Attenuates Proinflammatory Cytokine Signaling and Inflammatory Responses During Epithelial Infection
To evaluate the effects of IDO induction on local host immune responses to epithelial infection, we measured cytokines in bladder tissue from UPEC-and mock-infected wildtype and Ido1 −/− mice by multiplex bead array analysis. No significant increase in IFN-γ was detected in infected wildtype mice, replicating prior findings [8] and consistent with our above observation that IFN-γ is not required for initial Ido1 induction by UPEC. The IFN-γ requirement for Ido1 expression at 24 hours post infection ( Figure 1C ) may be fulfilled by basal levels; alternatively, increases in IFN-γ in microenvironments within the infected bladder may not be detected in whole-bladder homogenates. Baseline expression of other cytokines was equivalent in wild-type and Ido1
−/− mice, and cytokine levels were also similar in both mouse strains at 1 and 24 hours post infection (Figure 2 ). In contrast, UPEC infection elicited significantly larger increases in proinflammatory cytokine production in the absence of IDO at 6 hours post infection, including several that are important for PMN recruitment and longevity, such as KC (CXCL1), granulocyte colony-stimulating factor, macrophage inflammatory protein-1, interleukin 17, and interleukin 6 ( Figure 2 ).
Given the increases in proinflammatory cytokines in samples from infected Ido1
−/− mice, we predicted increased local inflammation in the bladders of these animals. We quantified recruitment of PMN to the site of infection by measuring MPO activity in bladder homogenates from wild-type and Ido1 −/− mice infected with UTI89 and mock-infected control mice. This enzyme resides specifically in granules of PMN where it oxidizes chloride to generate potent antimicrobial compounds [32] . Although there was no difference in baseline MPO activity, Ido1 −/− mice demonstrated significantly more MPO activity than wild-type mice in bladder samples taken at 1, 6, 24, and 48 hours post infection ( Figure 3A ). Urine PMN counts corroborated these findings; we found significantly more neutrophils in urine samples collected from UTI89-infected mice lacking Ido1 ( Figure 3B ). Thus, induction of IDO by UPEC acts to reduce bladder inflammation during acute UTIs.
IDO Promotes UPEC Infection and Protects Extracellular Bacteria in the Urinary Tract
We next used the murine model of cystitis to evaluate the consequences of IDO induction on UPEC pathogenesis. The ability of UTI89 to colonize the bladders of Ido1 −/− mice was significantly attenuated at 24 and 48 hours post infection compared to wild-type mice ( Figure 4A ). There was no difference in bacterial burden in the kidneys (data not shown). The observations of increased PMN infiltrate and decreased bacterial colonization in the absence of IDO, at time points when bacteria are known to have increased exposure to PMN [1] , suggested that extracellular bacteria may be more susceptible to killing under these circumstances. Consistent with this hypothesis, the number of bacteria present was similar in the intracellular (gentamicin-protected) compartment of bladders in wild-type and Ido1 −/− mice at 24 hours post infection but significantly reduced in the extracellular (gentamicin-sensitive) compartment in Ido1 −/− mice ( Figure 4B ). Further evidence that progress along the intracellular pathway of UPEC pathogenesis is not dependent on IDO emerged from microscopic analysis of bladders from wild-type or Ido1 −/− mice infected with GFP-expressing UPEC. We observed no difference in the quantity of intracellular bacterial communities formed or in their morphology ( Figure 4C and 4D) , despite the reduction in total colony-forming units (CFUs) recovered. Taken together, these data suggest that IDO induction promotes survival of extracellular bacteria by reducing early inflammatory Figure 3 . Indoleamine 2,3-dioxygenase (IDO) reduces bladder inflammation in murine cystitis. Wild-type (WT) or Ido1 −/− mice were infected with uropathogenic Escherichia coli (UPEC) strain UTI89 or mock infected with phosphate-buffered saline (PBS). A, Bladders were homogenized at the indicated time points, centrifuged to remove cellular debris, and myeloperoxidase (MPO) activity measured. Data points represent the mean of triplicate measurements from individual bladders, and statistically significant differences from wild-type are indicated (***P < .001 and **P < .01). B, Urine specimens were obtained at the indicated time points and the concentration of white blood cells quantified. Bars represent the mean and standard deviation from groups of at least 5 mice, and statistically significant differences between wild-type and Ido1 −/− mice are indicated (*P < .05).
responses in the bladder, and that the intracellular niche shelters bacteria from PMN activity.
Previous studies demonstrate the capacity of IDO to curtail the growth of some pathogens within the host by limiting tryptophan availability. As with other E. coli, the UPEC genome encodes the machinery for de novo tryptophan synthesis [33] . Transcription of genes in this operon was upregulated during in vitro encounters with human PMN and bladder epithelial cells ( Figure 5A ) and in infected murine bladders in an Ido1-dependent manner ( Figure 5B ). Furthermore, a UPEC strain in which the trp locus was replaced with a selectable marker grew poorly in tryptophan-deficient medium, whereas growth was similar to the wild-type parent strain when medium was supplemented with tryptophan (data not shown). Despite this in vitro defect, the UPEC trp mutant was not substantially attenuated in the murine cystitis model ( Figure 5C ), suggesting that IDO induction by UPEC does not impose significant tryptophan limitation on UPEC in the intracellular or extracellular niches.
IDO Activity Suppresses Human Neutrophil Transepithelial Migration
To establish a role for IDO activity in the acute inflammatory response of human cells to UPEC infection, we characterized the effect of IDO inhibition on in vitro transepithelial migration of human PMN across monolayers of 5637 bladder epithelial cells. We previously showed that UPEC actively suppresses PMN migration in this model, impairing host cells' responses to inflammatory stimuli through an incompletely defined mechanism dependent on bacterial protein synthesis [13] . Treatment of PMN and epithelial cells with a specific inhibitor of IDO activity, 1-MT, significantly enhanced PMN transepithelial migration in response to UPEC (Figure 6 : UTI89, +1-MT). Migration of PMN in response to mock infection also increased with IDO inhibitor treatment, implying a role for IDO in maintaining a baseline of epithelial immune quiescence ( Figure 6 : Mock, +1-MT). Because UPEC induced IDO1 expression in both PMN and 5637 bladder cells, we evaluated the effect of IDO inhibition on each cell type to −/− mice were infected with UPEC strain UTI89. Bladders were homogenized at the indicated time point, serially diluted, and colony-forming units (CFUs) enumerated. Each point represents 1 mouse; bars are geometric mean. Graph is a composite of 3 or more independent experiments with at least 4 mice in each group. A statistically significant difference between wild-type and Ido1
−/− mice is indicated (***P < .001 and **P < .01). B, Bacteria present in the extracellular (luminal) and intracellular compartments of bladders from wild-type or Ido1 −/− mice were enumerated at 24 hours post infection (hpi) with UPEC strain UTI89. Aggregate data from 3 independent experiments with 4 mice per group are shown, and bars represent the geometric mean. A statistically significant difference is indicated (**P < .01). C, The morphologies characteristic of UPEC infection (including intracellular bacterial communities and filamentous forms) were observed at 16 hpi of both wild-type and Ido1 −/− mice infected with UPEC strain UTI89 at 6 hpi were stained with X-gal and enumerated by microscopy. Data from 2 independent experiments with 5 mice per group are shown, and bars represent the geometric mean. There was no statistically significant difference between the 2 mouse strains.
specify relative contributions to the migration phenotype. Suppression of PMN transepithelial migration by UPEC was similarly abrogated when each cell type was inhibited individually (Figure 6 ), indicating that stimulation of IDO activity in both PMN and the epithelium may be important for UPEC modulation of innate responses.
DISCUSSION
In this study, we show that locally induced IDO during UPEC infection facilitates the establishment and course of UTIs by attenuating host proinflammatory innate responses. IDO activity enhanced bacterial burden in the bladder, specifically in the extracellular niche where microbes are more susceptible to neutrophil killing. Inhibiting IDO in human bladder epithelial cells and PMN augmented inflammatory responses, suggesting the importance of this enzyme in maintaining immune balance at the epithelial interface at baseline and in response to proinflammatory stimuli. This is the first report to our knowledge of a role for IDO in epithelial cell and PMN biology in the context of bacterial pathogenesis. Further, we demonstrate a novel influence of IDO activity on the innate response to a bacterial infection, distinct from its previously described roles in adaptive immunity and other T-cell functions. Our findings expand the emerging identity of this catabolic enzyme as a mediator of host-microbe interactions.
Previous studies of IDO in infectious disease progression and persistence have established this enzyme as a host defense factor, whereby local depletion of tryptophan inhibits growth of microbial invaders [16, 17] . Although the availability of this essential amino acid in infected bladders (and specifically within Figure 5 . Uropathogenic Escherichia coli (UPEC) tryptophan biosynthesis is upregulated during host interaction but not required for bladder colonization in murine cystitis. Expression of genes in the trp operon was determined by quantitative real-time polymerase chain reaction (PCR). A, Gene expression in UTI89 following a 60-minute in vitro encounter with 5637 human bladder epithelial cells or human polymorphonuclear leukocytes (PMN) is shown relative to a media-only control condition. Bars represent the mean and standard deviation of 3 independent experiments with samples analyzed in triplicate. Expression of each gene in the presence of host cells was significantly different from the control condition (PMN; P < .01 and 5637; P < .05). B, Bacterial trpA gene expression in whole bladders from wild-type (WT) or Ido1 −/− mice infected with UTI89 at 24 hours post infection (hpi) is shown relative to a sample prepared immediately following inoculation. Bars represent the mean and standard deviation of 5 mice from 2 independent experiments analyzed in triplicate, and a significant difference is indicated (***P < .001). C, Wild-type mice were infected with UPEC strain UTI89 or an isogenic strain mutated in the trpABCDE operon (Trp-). Bladders were homogenized at the indicated time point, serially diluted, and colony-forming units (CFUs) enumerated. Each point represents 1 mouse; bars are geometric mean. Graph is a composite of 3 or more independent experiments with at least 4 mice in each group. A statistically significant difference from UTI89 is indicated (*P < .05). PMN) . Recruitment in the 1-MT treated conditions was significantly different from the untreated samples as indicated (***P < .001), and significant differences between mock and UTI89-infected samples in the same treatment condition are shown (***P < .001, **P < .01, *P < .05). Data represent the mean and standard deviation derived from triplicate assays in at least 3 independent experiments with neutrophils from different donors.
the IBC niche) is unknown, increased expression of UPEC genes encoding the tryptophan biosynthetic machinery indicates that UPEC senses a decrement in nutrient availability resulting from IDO induction. However, persistence of a UPEC tryptophan auxotroph in the urinary tract indicates that tryptophan starvation is unlikely to represent an important challenge for UPEC under these conditions. Therefore, the metabolic activity of IDO fails to control UPEC infection, in contrast to effects previously described for other intracellular pathogens.
Another aspect of UPEC induction of IDO that distinguishes it from previously characterized signaling mechanisms is that it does not rely on Type I or II interferons. The only regulatory DNA identified for human IDO corresponds to IFN-α/β and IFN-γ responsiveness [34, 35] ; however, there is experimental evidence of interferon-independent pathways for induction of IDO expression. Studies of IDO regulation have revealed complex, cell type-dependent observations that control of IDO transcription can be influenced by several other immunomodulatory agents, including tumor necrosis factor α, interleukin 1, lipopolysaccharide, and ligation of CD80/CD86 [36] [37] [38] . The signaling networks that connect these molecules to expression of IDO remain to be fully elucidated. The present model of UPEC epithelial infection will be a useful tool for further characterization of these noncanonical pathways, including the relative contributions of different host cell types to the IDO upregulation that we observed.
Studies in our laboratory and others support a model in which early suppression of inflammation affords UPEC the opportunity to establish a protected intracellular niche in bladder tissue, prior to development of the robust inflammatory response characteristic of UTI. In the absence of IDO, despite the consequences for extracellular bacteria, these intracellular reservoirs are still established, allowing the pathogen to persist in the murine cystitis model. These results underscore the importance of intracellular bacterial community formation in UPEC pathogenesis. Additional effects of IDO induction may be revealed by characterizing the effects of IDO inhibition in other host genetic backgrounds where extracellular bacteria represent a major component of a chronic bacterial cystitis phenotype [39] . In addition, the host and bacterial factors affecting the balance of pro-and anti-inflammatory signals during epithelial infection remain an area of active investigation. Of particular interest are identified bacterial effectors that participate in immunomodulation [10, 13, [40] [41] [42] [43] and the influence of the early host inflammatory milieu in shaping the outcomes of UPEC infection [39] .
The data presented here implicate IDO as a regulator in microbial pathogenesis, which microbes have evolved mechanisms to manipulate in order to alter both innate and adaptive immune responses within the host. Ongoing studies will use the UPEC-host interaction as a model to further elucidate the activities of IDO during epithelial infections.
Notes
